Introduction
The synapse is one of the most complex machineries, allowing information transfer between neurons and their effectors, such as other neurons and muscle cells. In this structure, hundreds of proteins work coordinately to precisely communicate (the transmitting neuron) and decipher (the receiving neuron) messages. In these structures, the released neurotransmitter recognizes specific receptor proteins at the membrane, which are in charge of transducing the message into new signals that the cell could integrate and transmit. Neurotransmitter receptors have traditionally been classified according to their signaling capacities, which are normally associated with their specific molecular structures. The main neurotransmitter systems seem to involve receptors that fall into two broad categories. Thus, glutamate, GABA, and acetylcholine, perhaps the most extensive signaling systems in the brain, all have receptors that belong to the so-called ionotropic (AMPA, kainate, NMDA, nicotinic, and GABA A ) or metabotropic (mGluRs, muscarinic, and GABA B ) families. Ion channels that form ionotropic receptors are multimeric proteins that rapidly convert a chemical message into a variation in membrane potential. With the exception of purinergic P2X receptors, they generally encompass four membrane domains, which contribute to the channel structure itself. The channel is rapidly gated upon agonist binding and it displays specific biophysical properties and ion selectivity. By contrast, the so-called metabotropic receptors belong to the family of seven transmembrane domain receptors, and they are coupled to heterotrimeric G proteins, which are in turn linked to a number of different effectors (phospholipase C and D [PLC and PLD] , adenylate cyclase, etc.). However, recent data have blurred this apparently clear distinction, at least from a functional point of view.
The classic view of ionotropic receptors as mere neurotransmitter receptors coupled to an ion-conducting pore has been repeatedly challenged in the past two decades. New evidence favors a more global influence of these proteins in brain function. Indeed, the discovery of a plethora of proteins that interact with these receptors, along with the identification of unexpected modes of signaling, endows them with the ability to affect more widespread processes and open new vistas in terms of their activity. As such, they are now considered to activate ''non-canonical'' signaling pathways, those that deviate from their expected (i.e., canonical) mode of action.
The concept of ''canonical'' versus ''non-canonical'' signaling is not new for membrane receptors, and, indeed, there are already a number of signaling molecules known to adopt canonical and non-canonical modes of signaling. However, such proteins are generally second messenger-coupled receptors rather than ion channels. Perhaps the best known is the case of the Wnt pathway, in which the same receptor molecule, Frizzled, can trigger different processes depending on the type of effector it couples to. The so-called canonical Wnt pathway regulates gene transcription by activating b-catenin, while the non-canonical pathway increases intracellular Ca 2+ ([Ca 2+ ] int ) and/or activates a number of protein kinases to induce a totally different set of effects (e.g., regulation of cell adhesion, actin modification, etc.; see Rao and K€ uhl, 2010 for a review). Although it has been proposed that both pathways could work in an integrated manner, it is clear that the effectors activated by each are distinct and that they fulfill different roles during development, further fueling the conceptual separation between canonical and noncanonical pathways (e.g., Nusse, 2005) . However, it has become apparent that there are a number of structurally different ligands (the Wnts) that could preferentially trigger one or another effect through the same receptor in function of the secondary protein or co-receptor with which it associates. Therefore, canonical and non-canonical signaling is a somewhat semantic difference based on the original pathway discovered (e.g., see also NF-kB and Hedgehog).
All ionotropic receptors are integral membrane proteins, and they share the same basic topology, with GABA A and nicotinic acetylcholine receptors (nAChRs) presenting subtle differences with ionotropic glutamate receptors (iGluRs). They have extracellular and intracellular domains involved in ligand binding and their interactions with other proteins, and a pore that lies inside the transmembrane domain through which ions permeate. The atomic structure of these receptor channels has been recently resolved, and they share general principles for binding, channel gating, and desensitization, although differences between receptor families are apparent. Thus, it is not evident that they might fulfill a role other than mediating ion passage across the membrane upon receptor activation. However, there is accumulating evidence that far from being simple structures altering membrane conductance, they could play more complex roles in the whole cell. Furthermore, we still lack a classification of these actions and their roles. What can be considered as ''signaling'' in this context? How can we categorize ionotropic receptor functions? Taking iGluRs as the main example, we propose the following definition and classification for the different types of receptor signaling. Signaling may be defined as a ''process that implies a role of the receptor occurring upon neurotransmitter binding-involving ion flux or not-or by interaction with an effector protein.'' According to this definition, any signaling event related to a ligand-gated ion channel can be assigned to one of two categories: (1) canonical, in which neurotransmitter binding triggers the opening of the receptor ion channel. Any function involving ion flow would lie in this category and will not be addressed here. (2) Non-canonical, in which the binding of the neurotransmitter evokes a conformational change in the receptor that activates a second messenger pathway without the involvement of ion flow. The activation of such pathways is counterintuitive for a ligand-gated ion channel that lacks the structure of a classical second messenger-coupled receptor. This aspect constitutes the main topic of this review. Within this category, however, falls the ''structural signaling,'' in which, even without neurotransmitter binding, the receptor may signal through its physical interaction with effectors. This scaffolding or structural mode of signaling is mainly related to the establishment of the proper connectivity in the brain and will be covered in the last part of the review.
Altogether, we propose these definitions and working classification to easily assign any receptor function to one of these modes of signaling. As shown below, different roles within each group seem to be conserved among diverse ligand-gated ion channels, suggesting that this classification may be biologically relevant. In this review, we present the evidence available that iGluRs and nAChRs stimulate canonical and non-canonical pathways, indicating the many possibilities to influence cellular processes in parallel with mediating synaptic transmission and rapid neuronal communication.
Kainate Receptors
Kainate receptors (KARs) constitute a special subfamily of iGluRs that is made up of five subunits (GluK1 to GluK5) and that can be subdivided into two groups based on their affinity for glutamate. The low-affinity (GluK1-GluK3) subunits are required for membrane expression of the receptor, whereas high-affinity (GluK4 and GluK5) subunits confer special kinetics to KARs and are required for their synaptic localization (Palacios-Filardo et al., 2016; Straub et al., 2016; Matsuda et al., 2016) . The diversity in the KAR pool is increased by the existence of splice variants for GluK1-GluK3 and mRNA editing of GluK1 and GluK2 (see Lerma, 2003 for a review). Whereas GluK1 is mainly expressed in inhibitory interneurons in adults, GluK2 and GluK3 are mostly present in glutamatergic cells (e.g., Paternain et al., 2000) . Relative to AMPA receptors, KARs contribute little to postsynaptic currents and have slower kinetics (Castillo et al., 1997; Vignes and Collingridge, 1997; Frerking et al., 1998) . However, KARs are localized both pre-and postsynaptically, for they are involved in the modulation of neurotransmitter release and cell excitability, thereby influencing network dynamics. KARs exert many of their effects through metabotropic pathways, constituting the most prominent example of an iGluR that engages in both canonical and non-canonical signaling. Non-canonical Signaling of KARs Controls Neurotransmitter Release and Cell Excitability Neurotransmitter release is a tightly controlled process that defines neuronal output. Many factors play a significant role in the modulation of synaptic neurotransmitter release, including the activity and availability of presynaptic receptors. The presynaptic location of KARs confers upon them the capacity to regulate this process in different synapses, and as such, KA application at the hippocampus downregulates GABA release by interneurons (Rodríguez-Moreno et al., 1997; Cunha et al., 1997) . This effect is sensitive to inhibitors of the G i/o G protein, PLC, and protein kinase C (PKC), evidence that a metabotropic pathway is triggered upon KAR activation (Rodríguez-Moreno and Lerma, 1998; Cunha et al., 2000) . However, part of the effect of the KARs might be due to an increase in interneuron firing and subsequent GABA overflow, which in turn inhibits GABA release through the activation of presynaptic GABA B receptors (Frerking et al., 1999) . This possibility appears to be unlikely given that the KA effect persists when GABA B receptors are inhibited (Rodrí-guez-Moreno et al., 2000; Daw et al., 2010) . The endocannabinoid system may also be implicated in this effect (Lourenç o et al., 2010 (Lourenç o et al., , 2011 , as KARs may induce the release of endocannabinoids that in turn activate presynaptic cannabinoid 1 receptors (CB1Rs), diminishing GABA release. However, the KA-induced reduction in GABA release persists in the presence of CB1R antagonists (Daw et al., 2010) , although the partial involvement of GABA B R and CB1R in the effect of KA cannot be ruled out.
Non-canonical KAR signaling also controls glutamate release, an effect that occurs in diverse synapses and that is developmentally regulated. KARs differentially modulate neurotransmitter release by mossy fibers (MFs; the axons of granule cells in the dentate gyrus) onto CA3 pyramidal cells and interneurons during development (Lauri et al., 2005) . Indeed, KARs modulate transmitter release bidirectionally, facilitating or inhibiting the release of GABA and glutamate. The inhibition, but not the facilitation, is Pertussis toxin (Ptx; a G i/o inhibitor) and Calphostin-C (a PKC inhibitor) sensitive, suggesting the involvement of a G protein and PKC, respectively. A similar effect occurs at CA3 Schaffer collateral (SchC)-CA1 synapses, where KARs tonically reduce the probability of neurotransmitter release during development through a non-canonical mode of action (Lauri et al., 2006) . This tonic effect relies on GluK1-containing KARs, and it disappears in adulthood due to a switch in expressed subunits mediated by activity-dependent mechanisms . It has also been demonstrated that GluK1c (a GluK1 splicing variant expressed in pyramidal cells only during development) may be responsible for the tonic downregulation of glutamate release, and that this effect can be reproduced by exogenous expression of GluK1c in adults (Vesikansa et al., 2012) . Interestingly, an inhibitory effect of metabotropic KARs on the glutamate release at SchC-CA1 synapses also occurs in adults (Frerking et al., 2001) , probably indicating that similar mechanisms are at work at distinct developmental stages but involving different actors.
Intrinsic cell excitability is an emergent neuronal property that reflects the pool of ion channels that can be activated at a given moment, and it has become an important concept to understand the basic characteristics of cell firing, such as action potential frequency and accommodation. The modulation of cell excitability constitutes an example of non-synaptic plasticity, and it defines neuronal output. Among the different factors that modulate such output, the after-hyperpolarizing current (I AHP ) is the most prominent. The rise in [Ca 2+ ] int that takes place during action potential firing activates Ca
2+
-dependent K + channels, producing a subsequent hyperpolarization above the resting membrane potential that restricts the firing of successive spikes (reviewed in Sah, 1996) . After-hyperpolarization (AHP) can occur over different timescales, ranging from milliseconds to seconds. Fast, medium, and slow phases of AHP depend on the expression and activation of large and small conductance BK and SK, subfamilies of K + channels, respectively, which differentially regulate cell firing frequency in function of their expression. Several neurotransmitter and neuromodulator systems control cell excitability by affecting the K + currents that underlie the I AHP , such as the noradrenaline, serotonin, muscarinic acetylcholine, and glutamate systems (Nicoll, 1988; Pedarzani and Storm, 1993) . In CA1 pyramidal cells, KA perfusion irreversibly reduces the slow phase of I AHP (sI AHP ) through a metabotropic signaling cascade involving G i/o and PKC, producing enhanced action potential firing (Melyan et al., 2002) . A similar metabotropic role of KARs in the inhibition of sI AHP has been found in CA3 pyramidal cells (Fisahn et al., 2004) , and in this region KARs also affect the medium phase of I AHP (mI AHP ; Fisahn et al., 2005) . In the CA3, the effect of KA on mI AHP and sI AHP is abolished in GluK2, but not in GluK1, knockout (KO) mice, although the high-affinity subunit GluK5 is thought to be required (Ruiz et al., 2005) . The apparent controversy regarding the loss of effect in both GluK2 and GluK5 KOs may be explained by the complete absence of GluK5 subunits in GluK2 KO mice (Christensen et al., 2004; Ruiz et al., 2005) , as GluK5 cannot be targeted to the membrane without partnering low-affinity subunits. However, KARs with different subunit composition can modulate I AHP in different systems. Dorsal root ganglia (DRG) neurons only express GluK1 and GluK5 subunits, and in this neuronal model, KA evokes a reduction in mI AHP in a manner that requires the expression of GluK1, but not GluK5 (Rutkowska-Wlodarczyk et al., 2015) . Interestingly, the inhibitory effect of KARs is not restricted to pyramidal cells; tonically active KARs affect mI AHP in CA3 interneurons (Segerstrå le et al., 2010) . The effect is temporally restricted, for KARs reduce mI AHP during development, but the effect is lost in adulthood. These results point to a wider role of KARs in the modulation of I AHP in diverse regions and at distinct developmental stages through the involvement of different subunits.
Repetitive synaptic activation of KARs in the CA3 evokes a reversible, long-lasting depression of sI AHP that only recovers 10 s after stimulation (Ruiz et al., 2005) . This remarkable timing points to the subtle control of neuronal firing in this region, since KARs may be able to modulate cell excitability over significant periods of time. In this scenario, a burst of synaptic activation would temporally depress the I AHP , opening a short time window in which cell excitability increases and facilitating further firing. This effect can also be evoked by activation of the KARs present at SchC-CA1 synapses (Melyan et al., 2004) , although no reversibility has been observed up to 30 min after burst stimulation. This difference could be due to the use of different induction protocols, or it may point to separate mechanisms and time windows governing I AHP modulation by synaptic KARs in the CA1 and CA3. Intriguingly, even though it inhibits sI AHP , the synaptic activation of KARs in CA1 does not evoke ion current, suggesting that metabotropic activation of KARs can occur in the absence of ionotropic activity. This idea was previously illustrated in experiments on DRG neurons that also show sporadic spatial segregation of ionotropic and metabotropic KAR activities (Rozas et al., 2003) .
Thus, a crucial part of the control of neurotransmitter release and cellular excitability by KARs depends on the activation of rather classic metabotropic pathways, highlighting the importance of this non-canonical mode of signaling in the activity of these receptors. However, we still lack information about how these effects alter the function of the hippocampus from a systems perspective. Future studies should therefore assess the effects that such KAR-mediated modulations exert at the network level.
Control of Axon Growth and Synaptic Differentiation
Establishing proper connectivity between neurons relies on them achieving correct polarity, neurite outgrowth, pathfinding, and synaptogenesis. KARs bidirectionally regulate neurite growth in different systems through both ionotropic and metabotropic signaling. In the developing hippocampus, low concentrations of KA enhance the motility of axonal filopodia through KARmediated ion flux and further depolarization, which probably activates voltage-gated Ca 2+ channels (VGCCs). By contrast, high concentrations of KA would exert the opposite effect through a Ptx-sensitive mechanism (Tashiro et al., 2003) . In physiological conditions, the release of glutamate by the growth cone may be responsible for such effects, modulating the glutamate concentration that reaches the receptor. These data suggest a model whereby at early stages of development, the environment with larger extracellular spaces allows greater diffusion of endogenously released glutamate, which means less of this neurotransmitter reaches the KARs, promoting filopodial motility through the ionotropic pathway. At later stages, the reduced extracellular space limits glutamate diffusion and gives rise to higher neurotransmitter concentrations, inhibiting filopodial motility through the metabotropic pathway and inducing growth cone collapse (Tashiro et al., 2003) . KARs are also involved in the control of neurite outgrowth. KARs bidirectionally modulate this process in DRG neurons: low KA concentrations promote extension and high concentrations inhibit it . Furthermore, it has been compellingly demonstrated that neurite extension involves metabotropic KAR activity, whereas inhibition is due to canonical ion channel activity. In this system, the control of neurite outgrowth by KARs involves a downstream cascade that terminates in the collapsin response mediator protein (CRMP) 2 ( Figure 1 ). There are five members of the CRMP protein family, homologs of the unc33 protein in Caenorhabditis elegans (Goshima et al., 1995) , and they are microtubule-associated proteins that control a plethora of processes during development, such as the establishment of neuronal polarity and the promotion of neurite growth (reviewed in Arimura et al., 2004; Schmidt and Strittmatter, 2007) . CRMPs form a part of the KAR interactome (at least CRMP2 and 4; Marques et al., 2013) and they are regulated by the phosphorylation of different threonine residues, such as T514 and T555, which reduce the protein activity and decrease axon growth when phosphorylated (Cole et al., 2004; Yoshimura et al., 2005) . In DRGs, low KA concentrations activate metabotropic signaling, indirectly reducing the phosphorylation of CRMP2 T514 and thereby stimulating neurite extension. In this situation, non-canonical signaling of KARs prompts PKC-dependent phosphorylation of the inactivating S9 of glycogen synthase kinase (GSK) 3b, a protein kinase responsible for the phosphorylation and inactivation of CRMP2. Therefore, low KA concentrations produce a net reduction in CRMP2 T514 phosphorylation and increased axon growth (Figure 1) . Conversely, high KA concentrations evoke ionotropic activity and growth cone collapse . The apparent controversy regarding the mechanisms in the studies of Tashiro et al. and Marques et al. showing comparable effects but opposite mechanismsregarding the involvement of canonical and non-canonical modes of signaling triggered at low or high kainate concentrations-is not clear at present. Such a bidirectional modulation of neurite growth found in DRG by mild and strong activation of KARs also occurs in hippocampal neurons (R.J. Rodrigues and J.L., unpublished data).
The influence of non-canonical KAR activity on synaptic maturation has also been studied, with GluK1 activation resulting in an increase in the number of functional synapses and in the frequency of excitatory, but not inhibitory, miniature PSCs during development (Vesikansa et al., 2007) . This effect is dependent on metabotropic KAR activation, for it is blocked by PKC inhibition. Likewise, KA mobilizes presynaptic vesicles (Gelsomino et al., 2013) , but in this case the effect depends on protein kinase A (PKA) activation.
Together, KARs can be considered the most characteristic example of an ionotropic receptor involved in non-canonical signaling. The diverse regions and developmental stages in which these receptors undergo metabotropic activity suggest a crucial role of these pathways in the action of KARs in the brain. Mechanistically, the majority of studies implicate the activation of a G i/o G protein, PLC, and PKC, although the possible involvement of G q , a G protein that also activates PLC and PKC (Ruiz et al., 2005) , and PKA (Negrete-Díaz et al., 2006; Rodríguez-Moreno and Sihra, 2013; Gelsomino et al., 2013) has also been reported. Like other ionotropic receptors (see below), the stimulation of signaling cascades that involve KAR activation of a G protein is difficult to reconcile with the structure of the receptor. In contrast with metabotropic glutamate receptors (seven-transmembrane-domain proteins with G protein-binding regions), KARs, AMPARs, and NMDARs exert a significant part of their roles through the activation of metabotropic pathways. KARs directly interact with G o protein and trigger a signaling cascade activating phospholipase C (PLC), rendering diacylglycerol (DG), which further activates protein kinase C (PKC) independently of ion flux (left). Activation of PKC affects the function of a wide range of proteins. During development, KAR-activated PKC phosphorylates glycogen synthase kinase 3b (GSK-3b) serine 9, inactivating the kinase and indirectly causing a dephosphorylation of the microtubule-associated protein collapsin response mediator protein 2 (CRMP2), promoting neuritic growth. In adulthood, metabotropic activation of KARs inhibits both N-type Ca 2+ channels, likely modulating transmitter release, and Ca 2+ -dependent K + channels, reducing after-hyperpolarization current (I AHP ) and increasing cell excitability. KARs also autoregulate their membrane expression by activity-dependent internalization triggered by PKC phosphorylation. AMPARs signal either through the protein tyrosine kinase Lyn, inducing MAPK activity and affecting gene expression, or through G proteins, activating phosphodiesterase (PDE) and affecting synaptic functions, such as inhibition of cGMP-gated channel activity (middle). NMDARs may control spine size through the p38 MAPK pathway, and undergo activity-driven internalization by promoting their own dephosphorylation (right). In this and the next figure, labels in red denote the final functional effect of each pathway. iGluRs do not have a known G protein-binding motif, which has led to the hypothesis that a putative intermediary protein tethers KARs to G proteins (Rodríguez-Moreno and Lerma, 1998; Cunha et al., 1999; Frerking et al., 2001) . However, a different situation was recently proposed whereby GluK1 directly interacts with and activates G o (Rutkowska-Wlodarczyk et al., 2015) , in line with previous data highlighting the coupling of KARs with a Ptx-sensitive G protein (Ziegra et al., 1992; Cunha et al., 1999) . These data fit well with the fact that transfection of GluK1 reconstitutes non-canonical signaling in HEK293 cells and SH-SY neuroblastoma cells (Rivera et al., 2007; Rutkowska-Wlodarczyk et al., 2015) . Alternatively, the binding of GluK5 to G q has also been reported (Ruiz et al., 2005) . While these phenomena must be confirmed, they point to a potential interaction of different KAR subunits and G proteins in diverse situations, with a relatively central role of PKC, extending the functional range of non-canonical signaling through these receptors.
AMPA Receptors
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptors (AMPARs) mediate the majority of fast excitatory neurotransmission in the CNS. The four subunits (GluA1-GluA4) that assemble into the heteromeric AMPARs mediate neurotransmission through an ionotropic mechanism. Specific changes in subunit composition in different neurons produce remarkable variation in ion permeation (Geiger et al., 1995) . However, besides this canonical role, quite diverse AMPAR signaling events have been described over the past two decades, extending our knowledge of the processes controlled by these receptors. AMPAR Activation of Metabotropic Pathways As described for other iGluRs, some effects of AMPARs are sensitive to inhibitors of G proteins. Indeed, it has been shown that AMPARs activate p42 mitogen-activated protein kinase (MAPK)-a serine/threonine kinase known to be relevant for signaling from the membrane to the nucleus (Chen et al., 1992) -in a Ptx-sensitive manner (Wang and Durkin, 1995) , pointing to the intervention of a G protein. The participation of Ca 2+ influx through AMPARs is still a matter of debate, for contradictory data regarding its requirement for this metabotropic effect have emerged (Wang and Durkin, 1995; Wang et al., 1997; Liu et al., 1999; Perkinton et al., 1999) . However, the involvement of a G protein in this process is also supported by the interaction of AMPARs with the Pertussis-sensitive G i protein, through which it signals (Wang et al., 1997) . Although the nature of this interaction has not been addressed, the fact that KARs exert non-canonical functions by signaling through a G o protein (Rutkowska-Wlodarczyk et al., 2015) may suggest a conserved metabotropic function of different iGluRs. Several effects of AMPARs involving this non-canonical signaling pathway have been described, including an influence on gene transcription (Rao et al., 2006) , cell excitability (Marin et al., 2001 ) and survival (Limatola et al., 2002) , and the migration of oligodendrocyte precursor cells (Gudz et al., 2006) . Nevertheless, the most prominent role of this metabotropic cascade is the control of synaptic activity. Metabotropic AMPAR pathways participate in the presynaptic inhibition of GABAergic neurotransmission onto Purkinje cells (PCs) in the cerebellum (Satake et al., 2004 ; but see Rigby et al., 2015) , as well as the inhibition of transmitter release at the calyx of Held synapse (Takago et al., 2005) and the inhibition of a nitric oxide (NO)-induced, cGMPevoked current in the retina (Kawai and Sterling, 1999;  Figure 1 ). However, AMPARs can also trigger a different metabotropic signaling pathway as GluA2 interacts with Lyn (a protein tyrosine kinase of the Src family; Hayashi et al., 1999) , through which AMPARs control MAPK activation and brain-derived neurotrophic factor (BDNF) expression (Hayashi et al., 1999; Schenk et al., 2005) . Interestingly, positive modulators of AMPARs (also known as Ampakines) induce BDNF expression, a process that underlies the protective effects of some of these compounds (Lauterborn et al., 2003; Jourdi et al., 2009) . Hence, the metabotropic pathway activated by AMPARs could account for BDNF overexpression and neuroprotection.
Together, these data suggest that, besides their classical ion permeation role in synaptic transmission, AMPARs participate in non-canonical signaling pathways that involve complex protein networks. These diverse pathways endow them with the ability to affect a plethora of processes in many diverse brain regions and cell types, and at different developmental stages, opening new vistas on our understanding of the functions of these receptors in brain operations.
NMDA Receptors
N-methyl-D-aspartate receptors (NMDARs) play a canonical role in synaptic transmission that differs from that of AMPARs. At the resting membrane potential of the neuron, the NMDAR pore is blocked by Mg 2+ , such that agonist binding does not evoke ion channel activity. However, if the cell is depolarized by a prior stimulus, the Mg 2+ block is relieved and the receptor's pore can be opened, giving rise to slow depolarizing currents (Nowak et al., 1984; Mayer et al., 1984) . NMDARs permeate large amounts of Ca 2+ into the cell, activating different signaling cascades that cause a plethora of effects, most prominently that of synaptic plasticity (reviewed in Traynelis et al., 2010) . To fulfill this role, the NMDAR C-terminal domain (CTD) acts as a scaffold for the binding of diverse effector proteins, some of them responsive to changes in [Ca 2+ ] int . Conversely, NMDAR expression and trafficking are tightly regulated. NMDARs are among the most extensively studied iGluRs, and in the past decades, our understanding of the mechanisms underlying their activity has advanced and different non-canonical functions have emerged (see recent discussions by Dore et al., 2016 and Gray et al., 2016) . Non-canonical Signaling Several processes control NMDAR trafficking and location (reviewed in Petralia et al., 2009) , one of which involves usedependent internalization of the receptors (Vissel et al., 2001) . Upon repetitive agonist binding, NMDAR-mediated currents are reduced independently of ion flux through a mechanism that involves NMDAR internalization. Receptor internalization is caused by tyrosine dephosphorylation, and although it is still unknown how receptor activation triggers this process, it is an effect consistent with the reduction in NMDAR currents induced by tyrosine phosphatase activity (Wang et al., 1996) . Tyrosine phosphorylation may be behind the differential regulation of synaptic/ extra-synaptic NMDARs (Li et al., 2002) , pointing to a specific involvement of non-canonical signaling pathways in receptor regulation within specific cellular compartments (Figure 1 ). It has also been shown that glycine binding primes the receptor for subsequent internalization upon agonist binding, a mechanism that involves the recruitment of adaptor protein (AP) 2 to the receptor complex (Nong et al., 2003) . Therefore, it is possible that these effects converge in vivo to modulate NMDAR trafficking. Remarkably, similar use-dependent internalization of KARs occurs (Rivera et al., 2007) , although in this case the modulation of receptor phosphorylation takes place in a different manner (see above).
Long-Term Depression
The traditional view is that NMDAR-dependent long-term potentiation (LTP) and long-term depression (LTD) involve Ca 2+ permeation through the receptor. High-frequency stimulation (HFS) induces LTP through a large rise in the [Ca 2+ ] int , whereas low-frequency stimulation (LFS) produces a smaller increase in [Ca 2+ ] int , leading to LTD. This panorama has recently been challenged by data pointing to non-ionotropic signaling by the NMDARs involved in LTD induction (Nabavi et al., 2013) . Ion flux through the receptor appears not to be required to trigger LTD, for this process is not blocked by either MK-801, an NMDA ion channel blocker, or 7-chlorokynurenate (7CK), a competitive antagonist for glycine binding to GluN1 and GluN3 receptor subunits. Moreover, the maintenance, but not a rise, in [Ca 2+ ] int was required for LTD. The mechanism for non-ionotropic NMDAR LTD induction hypothesized involves p38 MAPK activation, a protein involved in LTD (Zhu et al., 2002 ). This effect is probably mediated by a conformational change in the NMDAR evoked by glutamate binding. Interestingly, experimental support for the existence of such a conformational change during NMDAR-independent ion flux emerged recently (Dore et al., 2015) . However, these data are somewhat controversial because under similar experimental conditions, a blockade of NMDAR ion permeation abolished LTD and a rise in [Ca 2+ ] int was required for this synaptic plasticity (Babiec et al., 2014) . Therefore, it is still not clear whether non-canonical signaling of NMDARs is required for LTD induction. However, dendritic spine shrinkage (a form of structural plasticity that is concomitant to LTD) driven by NMDARs does not depend on ionotropic activity (Stein et al., 2015) . A recent report shows the requirement of noncanonical postsynaptic NMDARs for the triggering of spike timing-dependent LTD in L2/3 pyramidal cells in the cortex (Carter and Jahr, 2016) , supporting the idea of ion flux-independent actions of these receptors in LTD. Interestingly, this type of signaling might be also relevant in Alzheimer's disease, as amyloid-b oligomers activate NMDAR-evoked synaptic depression by a non-canonical mode of signaling (Kessels et al., 2013) .
Delta Receptors
The discovery of the delta receptors (GluDRs; Yamazaki et al., 1992; Lomeli et al., 1993) completed the iGluR family. The two receptor subunits, GluD1 and GluD2, are expressed distinctly, and while GluD1 is widely distributed, albeit mainly in the telencephalon (Konno et al., 2014; Hepp et al., 2015) , GluD2 is restricted to the parallel fiber (PF) PC synapse in the cerebellum (Yamazaki et al., 1992; Lomeli et al., 1993) . GluDRs are not typical iGluRs, for no ligand is known to evoke ion permeation through them. Until recently, the only known ion-conducting GluDR was the so-called lurcher, a gain-of-function mutant that causes PC death due to constitutive cation entry through the GluD2 channel (Zuo et al., 1997; Heintz and De Jager, 1999) . However, it was recently found that GluDR gating could be triggered by mGluR1 (Ady et al., 2014 )-although part of it may be due to TRPC3 activation-which indicates that no structural impediment exists for channel gating and permeation in these receptors. Interestingly, GluD2 associates with mGluR1 through PDZ interactions with the scaffolding proteins Shank and Homer (Uemura et al., 2004) , and GluD2 ablation promotes an increase in the mGluR1-dependent currents and membrane expression (Kato et al., 2012) , suggesting bidirectional regulation of these receptors. Thus, the problem of GluDR ion permeation capabilities remains unresolved.
Involvement in Synaptic Plasticity
The cerebellar PC system is a widely used model to study LTD. This form of plasticity requires the co-activation of the two synaptic inputs to PCs, the climbing fibers (CFs) and the PFs, and it leads to a reduction in the synaptic efficacy of the PF-PC synapse (reviewed by Ito et al., 2014) . Following the Marr-Albus-Ito hypothesis, the most accepted model for motor learning in the cerebellum, the concurrent activation of CFs and PFs triggers a process of LTD that underlies motor learning. Despite recent controversy (Schonewille et al., 2011; Welsh et al., 2005) , this model has driven extensive studies into the molecular mechanisms behind LTD in the cerebellum. Briefly, the activation of mGluR1 triggers a signaling cascade that terminates with the signal attenuation and/or internalization of AMPARs in the PF-PC postsynaptic compartment (reviewed by Ito, 2001 ). Several proteins participate in the signaling pathway mediating this form of synaptic plasticity, including GluD2 (Hirano et al., 1994; Jeromin et al., 1996) . The requirement of GluD2 in cerebellar LTD, as well as motor coordination, has been further corroborated in vivo (Kashiwabuchi et al., 1995) .
The mechanisms by which GluD2 plays a role in LTD have also been addressed. Consistent with the lack of ion permeability that characterizes these receptors, GluD2 functions in a non-ionotropic manner in LTD induction (Kakegawa et al., 2007) . However, GluD2 probably exerts its effects on LTD in different ways during development and in the adult, which may complicate mechanistic interpretation. Although no endogenous ligands are known to provoke ion permeation by the receptor, D-serine released by Bergman glia binds to GluD2 and induces AMPAR internalization in the immature brain (Kakegawa et al., 2011) (Figure 2 ). Receptor KO, D-serine binding site mutation, or lack of D-serine partially abolish LTD. D-serine could induce a conformational change in the receptor that triggers intracellular signaling through the GluD2 CTD, converging on PKC, which is a common factor for different second messengers involved in LTD induction in the cerebellum (Tanaka and Augustine, 2008) . The absence of D-serine in the adult suggests a different role of GluDRs in LTD after development. The GluD2 CTD is required for LTD (Yawata et al., 2006; Kohda et al., 2007; Kakegawa et al., 2008) , and the so-called T site of this region-a PDZ binding domain-mediates the effect (Uemura et al., 2007) . Interestingly, GluD2 interacts with a plethora of proteins through PDZ binding, including PSD93, protein tyrosine phosphate MEG (PTPMEG), and S-SCAM (Roche et al., 1999; Hironaka et al., 2000; Yap et al., 2003) , and impeding the interaction between GluD2 and these proteins abolishes LTD in PCs (Kohda et al., 2007) . The underlying mechanism involves GluD2 modulation of AMPAR phosphorylation, a process required for receptor internalization and LTD (Chung et al., 2003) . Indeed, tyrosine (Y)876 dephosphorylation of the AMPAR by PTPMEG precedes serine (S)880 phosphorylation of the receptor. The absence of GluD2 abrogates the PTPMEG-dependent dephosphorylation of Y876 and precludes S880 phosphorylation, hampering LTD (Kohda et al., 2013) .
Thus, two different mechanisms link GluDRs with LTD. During development, non-canonical signaling involving D-serine binding is likely to produce conformational changes in the receptor, triggering intracellular signaling cascades that lead to AMPAR internalization and reduced synaptic efficacy. In adulthood, the role of GluD in LTD seems to arise from a scaffolding function that allows the proteins that bind to the GluD2 CTD to act as mediators in synaptic plasticity (e.g., PTPMEG), altering AMPAR phosphorylation (Figure 2 ). Similar structural roles have been attributed to GluDRs and other iGluRs during development (see below). Nevertheless, a direct involvement of GluD2 signaling like that occurring in the immature brain cannot be ruled out. Further work is needed to assess the requirement for agonist binding to GluD2 in adult LTD and to definitively categorize GluD2 function as non-canonical signaling.
Structural Signaling
Besides ion permeation and the mechanisms described above for second messenger signaling activation by iGluRs, it is possible to differentiate a subtype of non-canonical activity of these receptors. These activities can be defined as structural or scaffolding, and they involve interactions between iGluRs and other proteins, establishing complexes that in turn permit different types of signaling, mainly during development. Although these structural functions cannot be described as proper ''non-canonical signaling'' since they do not require the binding of an agonist, nor are they likely to induce any change in the conformation of the receptor, they convey signals that are fundamental to establishing proper connectivity in the brain and may be collectively considered ''structural signaling.'' Like metabotropic signaling, several common aspects permit the mechanisms underlying these structural roles to be conserved between GluDRs and AMPARs, the main iGluRs that perform these functions (Figure 2) .
The structural signaling of GluDRs in PC synaptogenesis is the best characterized for these receptors. Two types of excitatory afferents reach PCs: CFs contact the proximal dendrites of PCs, whereas PFs innervate the distal arbor. A one-to-one relationship between CFs and PCs is established by a process of axon pruning that eliminates the excess of CFs connecting with each PC during development (reviewed in Sugihara, 2006) . Another hallmark related to the connectivity in this system is the activity-dependent competition between PFs and CFs for their respective innervation territories (reviewed in Cesa and Strata, 2009) . Several lines of evidence highlight the important structural role of GluDRs in the synaptogenesis on cerebellar PCs. The loss of the GluD2 subunit in vivo produces a decrease in the number of PF synapses contacting the dendritic spines of PCs (Kashiwabuchi et al., 1995) . This effect is caused by impaired synaptic stabilization between the pre-and postsynaptic specializations (Kurihara et al., 1997; Kuroyanagi et al., 2009) . GluD2 participates in the maintenance of PF-PC synapses in adulthood (Takeuchi et al., 2005) , while GluD1 exerts similar effects in synaptogenesis and can rescue the phenotype produced by GluD2 deletion (Ryu et al., 2012) . Conversely, the GluD1 preferentially facilitates presynaptic differentiation of inhibitory synapses, both in the cortex (Yasumura et al., 2012) and the cerebellum (Konno et al., 2014) .
CF pruning is also affected in GluD2 mutants, suggesting that territory competition between PFs and CFs is impaired in the absence of GluD2 (Kashiwabuchi et al., 1995) . The ablation of GluD2 in adulthood has a similar effect, pointing to a constant requirement for GluD2 in the maintenance of the one-to-one stoichiometry between CF axons and PCs, and territory competition with PFs . However, if GluDs are unable to signal because their ion channel does not operate, how do they 
. AMPARs and GluDRs Engage Structural Signaling in Development
Left, the N-terminal domain of GluA2 acts as a scaffold for pre-and postsynaptic N-cadherins, inducing their activation. In the presynaptic side, N-cadherin signaling promotes presynaptic stabilization, whereas on the postsynaptic side, N-cadherin binds to and activates b-catenin, favoring dendritic spine formation. Right, GluDRs bind the presynaptically released Cerebellin (i.e., Cbnl1), which acts as a bridge between GluDRs and presynaptic neurexins, promoting synaptic vesicle clustering and synapse formation, as described in the cerebellum. Cerebellin binding to GluD2 receptor is required for D-serine-induced AMPAR endocytosis and cerebellar LTD during development. This is accomplished by activation of the protein tyrosine phosphate MEG (PTPMEG). All these plastic actions could be envisioned as the result of structural signaling.
convey adequate signals? The NTD (N-terminal domain) of GluD2 is the region that mediates synaptogenesis, both in vitro ; but see Yasumura et al., 2008 and Torashima et al., 2009 ) and in vivo (Kakegawa et al., 2009 ). The GluD2 NTD binds cerebellin 1 (Cbln1), a presynaptic protein released by granule cells axons (Matsuda et al., 2010) . In turn, Cbln1 mediates the interaction of GluD2 with presynaptic neurexins (Uemura et al., 2010) , promoting synaptogenesis by inducing the accumulation of synaptic vesicles at the presynaptic terminal (Ito-Ishida et al., 2012) . Cbln1 belongs to the C1q family of proteins, and more recently, the interaction of C1q-like proteins, C1ql2 and C1ql3, with postsynaptic KARs GluK2/ GluK4 and presynaptic neurexins has been identified at the MF to CA3 synapses in the hippocampus (Matsuda et al., 2016; Straub et al., 2016) . Such interactions seem to be critical for recruiting KARs to the postsynaptic site. Although these data reflect a similar situation as cerebellar GluDRs and Cbln1 in the MF to CA3 pyramidal cells, there is no indication as yet of trans-synaptic signaling. However, the binding of neurexins to C1ql2/3 and to the NTD of KARs might not only modulate receptor clustering but also iGluR signaling, as seems to occur in the cerebellum.
A similar role for the GluA2 AMPAR subunit has been described extensively, and it is also mediated by its NTD (Passafaro et al., 2003; Saglietti et al., 2007) . Overexpression of GluA2 increases the density and size of dendritic spines in hippocampal cultures. As for GluDRs, the GluA2 NTD interacts with a presynaptic protein (N-cadherin) to establish a trans-synaptic scaffolding complex that facilitates further synaptogenic signaling (Nuriya and Huganir, 2006; Saglietti et al., 2007) . Indeed, different mechanistic details of this interaction have already been described (Morita et al., 2009a (Morita et al., , 2009b Medvedev et al., 2008; Hamad et al., 2011) .
The CTDs and ligand-binding sites of iGluRs are the bestcharacterized regions of these proteins (reviewed in Traynelis et al., 2010) , both in terms of ionotropic and non-canonical signaling. The functions of the iGluR NTD and the proteins that interact with it are not fully clear. In the case of AMPARs, the NTD is mainly associated with the assembly of functional channels (Leuschner and Hoch, 1999; Ayalon and Stern-Bach, 2001 ) and the synaptic clustering of the receptors, which is induced by their binding to proteins of the pentraxin family, such as the neuronal-activity-regulated pentraxin (Narp; O'Brien et al., 1999 O'Brien et al., , 2002 or neuronal pentraxin 1 (NP1; Xu et al., 2003; Sia et al., 2007) . Thus, the striking finding of a synaptogenic role for GluA2 NTD by itself represented an unexpected step that further supports the existence of structural signaling by iGluRs. GluA2 overexpression increases the density and size of dendritic spines in hippocampal primary cultures (Passafaro et al., 2003) , while the transfection of NTD-defective GluA2 mutants (GluA2DNTD) has the opposite effect, suggesting a role for GluA2 NTD in spinogenesis.
Several mechanisms may explain the role of GluA2 in spinogenesis, including the interaction of the NTD with a presynaptic protein to establish a trans-synaptic signaling complex. Indeed, N-cadherin binds to the GluA2 NTD, a cell adhesion molecule involved in different aspects of neuronal development and physiology (Nuriya and Huganir, 2006) , and this interaction mediates the spinogenic role of GluA2 (Saglietti et al., 2007) . Some details of the interaction between GluA2 and N-cadherin in the promotion of synaptogenesis are now known. First, human natural killer (HNK)-1, a glyco-epitope expressed by some cell adhesion molecules (Morita et al., 2008) , is present in GluA2, and the absence of an enzyme involved in HNK-1 synthesis impairs the interaction of GluA2 with N-cadherin (Morita et al., 2009a) . Moreover, either HNK-1 loss or that of GluA2 reduces the number of mature mushroom spines and increases the number of immature thin spines (Morita et al., 2009b; Medvedev et al., 2008 ; but see Lu et al., 2009) . Surprisingly, GluA2 mRNA editing might be important for its spinogenic effect (Hamad et al., 2011) . Such mRNA editing is a hallmark of certain iGluR subunits, such as the AMPAR GluA2 or the KAR GluK1 and GluK2 subunits (Sommer et al., 1991) . In these mRNAs, the genetically encoded glutamine (Q) codon is edited to an arginine (R) anticodon in a developmentally regulated manner, with editing increasing as development advances. This phenomenon alters the trafficking and oligomerization of the receptors and, in particular, the biophysical properties of the channel (Sommer et al., 1991; Seeburg, 1996) . Edited GluA2 (the R-containing version) dampens Ca 2+ permeability and abolishes inward rectification of AMPAR channels, and while the GluA2(Q) version promotes spinogenesis, neither GluA2(R) nor GluA3(Q) have the same effect (Hamad et al., 2011) . These results point to a restricted role of GluA2 in developmental spinogenesis, for the vast majority of GluA2 subunits are edited in the adult brain (Isaac et al., 2007) . Other non-canonical roles of distinct iGluRs resemble a type of trans-synaptic signaling that could be a hallmark of these receptors (Figure 2) .
Another remarkable effect of GluA2 overexpression is the appearance of dendritic spines in GABAergic interneurons, which only exceptionally present this type of membrane protrusion (Kawaguchi et al., 2006; Keck et al., 2011) . These cells express GluA2 more weakly than pyramidal cells (Geiger et al., 1995) , and it has been proposed that the presence of this subunit is required for the existence of dendritic spines. Indeed, GluA2 is more common in interneurons with dendritic spines than in spine-lacking GABAergic cells (Scheuss and Bonhoeffer, 2014) . Besides the scaffolding effect of GluA2 in development, a role in synapse stabilization and maintenance has also been described for AMPARs. The GluA2 NTD is involved in stabilizing presynaptic terminals (Ripley et al., 2011) , although without the participation of N-cadherin (Tracy et al., 2011) . Thus, the structural function of GluDRs and AMPARs in spinogenesis and synaptogenesis is now well established. As such, their transsynaptic scaffolding probably allows signaling through their partners, or it could facilitate the classical synaptogenic actions of other systems, such as the neurexin-neuroligin complex (Scheiffele et al., 2000) .
Acetylcholine Receptors
Nicotinic acetylcholine receptors (nAChRs) are cation channels that mediate fast neurotransmission. These channels are expressed by neurons and by non-neuronal cells like leukocytes (Razani-Boroujerdi et al., 2007) , and it was in these latter cells that non-canonical functions of nAChRs were first described. In the case of leukocytic T cells, the activation of a7-containing nAChRs produces an increase in the Razani-Boroujerdi et al., 2007) . A different non-canonical effect of nAChRs has also been proposed in monocytes, cells in which different choline derivatives (choline, phosphocholine, acetylcholine, etc.) inhibit ATPmediated interleukin-1b (IL-1b) release by blocking purinergic P2X7 receptors (Hecker et al., 2015) . It was recently shown that the effect of phosphocholine on IL-1b release takes place through the activation of the nAChR metabotropic pathway. Moreover, while both acetylcholine and phosphocholine inhibit IL-1b release in monocytes, only the former evokes ion currents through the receptor. Preincubation with phosphocholine reduces the acetylcholine-evoked ion flux, suggesting that phosphocholine acts as a silent agonist in nAChRs, triggering metabotropic signaling, but not ion flux (Richter et al., 2016) . The molecular details of the inhibition of P2X receptors by nAChRs are not known, although studies into the nicotinic receptor interactome have revealed that some cell signalingrelated proteins interact with nicotinic receptors, such as the G protein subunit G o (Kabbani et al., 2007 ; reviewed in Jones et al., 2010) . These results suggest that G protein signaling may be activated by nAChRs, although this hypothesis requires further confirmation.
In addition to their non-canonical signaling in leukocytes, nAChRs appear to use such signaling in neurons. In ventrohippocampal-striatal synapses, nicotine evokes a long-lasting increase in glutamate release (Zhong et al., 2008) , an effect that involves an a7-dependent sustained increase in [Ca 2+ ] int driven by the activation of CaMKII, PLC, and IP3 receptors, and leading to calcium-induced calcium release (CICR) at presynaptic sites (Zhong et al., 2013) . This mode of signaling seems to sustain an increase in [Ca 2+ ] int , enhancing neurotransmitter release. Moreover, this presynaptic nAChR-triggered mechanism may have been neglected as one of the main drivers of nicotinic facilitation of glutamatergic synaptic transmission in the hippocampus, and, perhaps, it may also be implicated in GABA, acetylcholine, and dopamine release.
Together, these results point to non-canonical signaling pathways used by nAChRs in diverse cell types that affect different cellular processes. The existence of such widespread noncanonical signaling by iGluRs and nAChRs suggests that other families of receptors might also produce signals independently from their role as ion channels, as indicated for voltage-dependent ion channels (reviewed in Kaczmarek, 2006) . Further studies will be required to clarify this issue.
Perspectives
With the likely exception of GABA receptors, all the ionotropic neurotransmitter receptors that belong to receptor families with both ionotropic and metabotropic receptors may participate in signaling other than the mere increase in ion flux and subsequent membrane depolarization. Molecular studies indicate that all these receptors share a general structural organization, although they may differ in their membrane arrangement and subunit stoichiometry, as occurs with iGluRs and nAChRs. One or several subunits from these receptor families can engage G proteins or other elements that trigger intracellular signaling cascades, resulting in activities quite distinct to ion permeation. However, the question arises as to why ionotropic receptors need different ways of signaling. It is somewhat remarkable that none of the alternative signaling through these receptors has a particularly strong effect, at least not as strong as their metabotropic counterparts. For instance, KARs activate G o proteins and, like their related mGluRs, they activate PLC and thereby produce diacylglycerol and IP3, which can in turn activate PKC and IP3 receptors in the endoplasmic reticulum. However, G o activates this pathway less efficiently than G q proteins, the partner of mGluRs. Thus, one would expect subtler changes when the non-canonical signaling of iGluRs is at play, as well as a distinct agonist sensitivity (and maybe localization). One could imagine that such milder modulatory effects may be more adequate in some particular situations than a stronger effect. However, more experiments will be necessary to ascertain whether this is indeed the case, and under what situations non-canonical signaling may preponderate over the canonical pathway. Ultimately, one might wonder which signaling mode is more relevant in physiological terms.
As we have stated throughout the text, there is a remarkable similarity between different non-canonical signaling mechanisms-like the activation of G proteins by AMPARs and KARs-and functions, such as the activity-dependent internalization of KARs and NMDARs. In a similar manner, structural signaling by both AMPARs and GluDs subserves analogous functions (i.e., the synaptic stabilization during development) through comparable mechanisms-protein-protein interactions with presynaptic effectors through the NTD. The existence of such similarities raises an interesting question. Did the noncanonical and structural functions of the iGluRs evolve in parallel to different receptors, or were they present in the ''ancestral'' iGluR and diverged through evolution? The latter possibility is attractive, for it would mean that the non-canonical signaling constitutes a primitive trait of iGluRs. In this situation, one may speculate whether different receptors have diverged to mainly fulfill functions belonging to one signaling type or another.
Specialist receptors have evolved over the ages, and AMPARs are mostly responsible for the generation of rapid excitatory postsynaptic potentials (EPSPs) in the brain. NMDARs do not have such a clear role in generating excitatory postsynaptic currents; rather, they are coincidence detectors with high Ca 2+ permeability and strong sensitivity to Mg 2+ blockade, bestowing particular rules on synaptic plasticity. Similarly, KARs do not contribute significantly to membrane depolarization upon glutamate release. Although KARs could also contribute to synaptic integrative properties (e.g., Lerma and Marques, 2013) , they have slow activation and inactivation kinetics, very similar to NMDARs, and at best they carry one-tenth of the AMPAR current. Therefore, it seems that KARs are not designed to mediate efficient fast signaling like AMPARs. One hypothesis arises as to whether their non-canonical signaling could be more a signature of their role in synaptic transmission. The striking effect of KARs in modulating transmitter release and inhibiting I AHP , both through non-canonical signaling, may be much more relevant from a physiological point of view than their contribution to the EPSP, although this idea requires further experimental support and constitutes an active area of research. Although the GluK1 subunit and G o have been identified in proteomic and functional analysis as two partners of this signaling system (RutkowskaWlodarczyk et al., 2015) , the detailed molecular mechanisms underlying this signaling are still a work in progress and far from well understood. Which may be the nature of this interaction? Unlike metabotropic receptors, iGluRs lack any known G protein-binding domain. However, research performed during the past few years has identified motifs that facilitate the interaction of G proteins and metabotropic receptors. Specifically, it has been shown that a polybasic stretch present in the CTD domain of muscarinic and other receptors facilitates their interaction with G proteins (Qin et al., 2011) . GluK1 subunit presents a nearly identical motif at its CTD, whereas GluK2 and GluK5 carry analogous polybasic stretches, suggesting a possible interaction of KAR CTD and G proteins through this domain. Assessing the presence of non-canonical effects in mutants for this polybasic region may be informative for addressing whether this region is important for G protein activation. Furthermore, the identification and mutation of such interaction domains would permit assessing the role of these receptors in the absence of non-canonical signaling. On the other hand, the use of dead pore mutants would allow the isolation of ion flow-independent signaling by ionotropic receptors. The combined use of these and other genetic approaches may help to clarify the relative weight of canonical and non-canonical functions and fuel the research on this topic for the next years, shedding light on the role of alternative signaling modes in terms of circuit performance and animal behavior. In summary, research in the past three decades has clarified many of the intimate mechanisms that govern the activity of ligand-gated ion channels, and their participation in synaptic transmission and plasticity, learning, memory, and disease. However, with few exceptions, most of these issues have been contemplated from the perspective of their behavior as ion channels rather than as subtle modulators of neuronal activity. On the way, unexpected non-canonical roles have emerged, but although functional and mechanistic details have been provided, more research is necessary to clarify their importance in brain function. Furthermore, it remains to be seen whether the participation of these receptors in disease arises from the disruption of their canonical or non-canonical signaling, just one intriguing aspect of the research that must be carried out in the near future.
